Introduction
Members of the TLR family mediate the innate immune response upon encounter with biochemically diverse pathogen molecules. 1, 2 Among them is TLR9, which is essential for recognition of microbial CpG-DNA or its analog, synthetic oligonucleotides containing a CpG motif (CpG-ODNs). [3] [4] [5] [6] CpG-DNA/CpG-ODNs activate macrophages, monocytes, and dendritic cells (DCs) to secrete proinflammatory cytokines, driving the Th1 response [3] [4] [5] [6] and serving as attractive adjuvants in vaccine strategies for allergy, asthma, infectious disease, and cancer. TLR9 is confined primarily to cells of the immune system and is not present on the cell surface. [7] [8] [9] [10] It is proposed that TLR9 is initially localized in the endoplasmic reticulum (ER), and redistributes to early endosomes upon stimulation with CpG-DNA. 9, 11, 12 TLR9 becomes activated and recruits MyD88, 9, 11, 12 leading to subsequent immune responses. However, the mechanism by which TLR9 is activated remains elusive, and it is unknown whether CpG-DNA-binding proteins are involved in this activation process.
HMGB1 is an abundant, highly conserved nuclear protein that modulates chromatin structure, facilitates interaction of proteins with DNA, regulates transcription, and assists in V(D)J recombination. 13, 14 Immune cells stimulated with IFN␥, IL-1, and TNF␣ export nuclear HMGB1 to the cytoplasm and subsequently secrete it. 15 HMGB1 can also be passively released by necrotic cells, 16 serving as a signal for trauma and tissue damage. 17 Additionally, HMGB1 is released during bacterial or viral infection, 18, 19 and extracellular HMGB1 can act as a chemoattractant for inflammatory cells, strongly suggesting its role as a modulator of the immune system.
In this study, we demonstrate that CpG-ODN-treated macrophages and DCs quickly secrete HMGB1; moreover, HMGB1 engages CpG-ODNs and enhances their immunostimulatory potential in a TLR9-dependent manner. Confocal microscopy reveals that HMGB1 preassociates with TLR9 and colocalizes with markers of the ER, the ERGIC, and the Golgi in quiescent cells. Upon stimulation with CpG-ODN, HMGB1 and TLR9 colocalize with the early endosomal marker EEA1. Ablation or depletion of HMGB1 impaired redistribution of TLR9 to early endosomes in response to CpG-ODN. As a consequence, HMGB1-deficient cells exhibited substantially decreased responses to CpG-ODN, but these defects could be complemented by extracellular HMGB1. 
ELISA analysis
Macrophages and DCs were seeded (0.8-2.5 ϫ 10 5 /well) in triplicate in 96-well plates and treated with endotoxin-free poly(I:C) (GE Healthcare, Piscataway, NJ), CpG-ODN (1018), CpG-A (2216), GpG-ODN (1019), LPS (Sigma), or PGN (Sigma) in the presence or absence of recombinant HMGB1 (rHMGB1), produced by HMGBiotech (Milan, Italy) and purified from E coli (LPS Ͻ 4 EU per mg). The LPS inhibitor polymyxin B (10 g/mL; Sigma) was added for at least 15 minutes prior to treatment. After 24 hours in culture, supernatants were collected and assayed for IL-6, IL-12, and TNF␣ with enzyme-linked immunosorbent assay (ELISA) kits (PharMingen).
Confocal microscopy
Cells were seeded at 7.5 ϫ 10 4 per chamber on culture slides. Following treatments, cells were fixed with 3% paraformaldehyde, permeabilized with 0.2% Triton X-100 in PBS for 5 minutes, and stained with antibodies (1:300 dilution for rabbit anti-HMGB1, mouse anti-TLR9, goat anticalnexin, and anti-ERGIC; 1:200 for goat anti-GM130). An inverted Leica TCS SP2 AOBS confocal microscope (DMIRE2; Wetzlar, Germany) with a HC ϫ PL APO lbd. BL 63ϫ/1.4 oil immersion objective was used. Fluorophores were sequentially excited at 488, 543, and 633 nm to prevent crossexcitation. Images were collected and raw data were quantified with Leica Imaging Software (CTRMIC; TCS SP2). Representative images were processed in Photoshop (Adobe Systems, San Jose, CA) applying only linear corrections. 13, 21, 22 
Immunoprecipitation and immunoblotting
Following treatment, whole-cell lysates (WCLs) were prepared with a lysis buffer. 23 To examine protein interactions, WCLs (400 g) were incubated with 0.5 g anti-HMGB1 (polyclonal) or anti-TLR9 (monoclonal) antibodies and 20 L protein A/G-beads at 4°C overnight. After several washings with lysis buffer, proteins were boiled and separated on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subsequently probed with anti-TLR9 (monoclonal) or anti-HMGB1 (monoclonal) antibodies. Visualization was completed with enhanced chemiluminescence (ECL; GE Healthcare).
Derivation of HMGB1-deficient and wt cells
Hmgb1 heterozygotes were on pure BALB/C genetic background (Ͼ 10 backcrosses). Hmgb1 Ϫ/Ϫ embryos were significantly fewer (6%) than expected by Mendelian segregation, contrary to what is described for mixed genetic backgrounds. 24 Fetal livers were taken from sibling 14-day embryos; they were dissociated with a cell strainer, and cells were either expanded for 8 days to differentiate into DCs and macrophages 25 or infected with a retrovirus coding for HoxB4 and puromycin resistance. Pools of puromycin-resistant cells were expanded in IMDM ϩ 10% FBS in the presence of IL-3 (10 ng/mL), IL-6 (10 ng/mL), and stem-cell factor (20 ng/mL), and further cultured in the presence of GM-CSF (5 ng/mL) for 7 days (DCs) or BMDM medium for 10 days (macrophages) prior to treatments.
Flow cytometry
Cell-surface staining on DCs derived from immortalized fetal liver progenitor cells (IFLDCs), DCs derived from primary fetal liver progenitor cells (PFLDCs), macrophages derived from immortalized fetal liver progenitor cells (IFLDMs), and macrophages derived from primary fetal liver progenitor cells (PFLDMs) was performed in PBS ϩ 2% FBS with fluorescently conjugated antibodies against CD11c, CD11b, and F4/80 (eBiosciences, San Diego, CA); for CpG-ODN/GpG-ODN endocytosis by IFLDCs, cells were treated with CpG-ODNs labeled with TOTO-3 (Molecular Probes), or with Cy5-CpG-ODN/GpGp-ODN for the indicated time points. Cells were extensively washed, trypsinized, washed again, and then fixed in 2% paraformaldehyde. Data were immediately acquired using a FACSCalibur (Becton Dickinson, Mountain View, CA) and analyzed using Cell Quest Pro software, version 5.2 (Becton Dickinson).
Results

HMGB1 is a CpG-DNA-binding protein
IFN␥ can sensitize primary murine macrophages to produce cytokines in response to CpG-DNA. 7, 9, 10 Although IFN␥ is able to alter the level of TLR9 protein, 9 the possibility that IFN␥ induces secretion of other protein factors enhancing the CpG-DNA response has yet to be explored. To search for such factors, serum-free media from IFN␥-treated Raw264.7 cells were fractionated on a single-stranded DNA column followed by incubation with CpG-ODN-biotin and precipitation with streptavidin agarose. Bound proteins were separated by SDS-PAGE, silver stained, and subjected to mass spectrometry. This identified HMGB1 as a CpG-ODN-binding protein ( Figure 1A) .
Generally, CpG-ODNs fall in 2 groups: class A and class B. The former, which mainly elicits IFN␣/␤ production, contains a single CpG motif and a poly-G tail at the 3Ј end on a mixed phosphorothioate-phosphodiester backbone (eg, D-19). [26] [27] [28] The latter, which activates DCs and macrophages to produce inflammatory cytokines, contains single or multiple CpG motifs on a phosphorothioate backbone (eg, 1018, 1668). 26 To address the binding specificity of HMGB1 to CpG-ODNs, we precipitated recombinant HMGB1 (rHMGB1) 17 or histone H2A using biotin-labeled ODNs. Interestingly, CpG-ODNs (D-19, 1018, and 1668) precipitated 3-to 8-fold higher amounts of rHMGB1 than their control GpG/GpC-ODNs (c-405, 1019, and n-1668) [29] [30] [31] ( Figure 1B) . In contrast, all the tested ODNs bound histone H2A equally well ( Figure 1B ). To further confirm the binding preference of HMGB1 for CpG-ODNs, we determined circular dichroism (CD) spectra of ODNs in the presence or absence of HMGB1. Incubation of CpG-ODN 1018, but not GpG-ODN 1019, with rHMGB1 led to a dramatic change in the CD spectra of the ODN ( Figure 1C ), suggesting that HMGB1 can bind to single-stranded DNA with some preference for CpG-ODNs over GpG-ODN.
HMGB1 augments inflammatory cytokine responses to CpG-ODN in a TLR9-dependent manner
The effect of CpG-ODN on HMGB1 secretion has been investigated before, with conflicting results. 32, 33 When we tested whether CpG-ODN 1018 (simply called CpG-ODN) induces secretion of HMGB1 in bone marrow-derived DCs (BMDCs) and macrophages (BMDMs), we found that it triggered HMGB1 release within minutes (Figure 2A ), rather than after several hours as reported for LPS, IFN␥, or TNF␣. 21, 22 This release was not due to cell death as indicated by a lack of LDH release, a marker for cell necrosis (Figure 2A) , and also by an observed cell survival rate of 95% to 99%. Because HMGB1 can recognize CpG-ODNs, its presence in the environment could potentially regulate the response to CpG-DNA. We treated BMDMs with CpG-ODN together with the LPS inhibitor polymyxin B in the presence or absence of rHMGB1. CpG-ODN together with rHMGB1 was more effective in eliciting IL-6 secretion compared with CpG-ODN alone or HMGB1 alone ( Figure 2B ). The response to CpG-ODN plus HMGB1 was greater than the sum of the responses to CpG-ODN and HMGB1 added separately. In contrast, the addition of rHMGB1 failed to augment IL-6 production in BMDMs in response to PGN (2.5 g/mL) and LPS (0.01, 0.1, 0.2, or 1 g/mL) ( Figure 2B , and data not shown). HMGB1 also enhanced the secretion of IL-6, IL-12, and TNF␣ in response to CpG-ODN in BMDCs ( Figure 2C ).
This phenomenon was strictly dependent on the TLR9/ MyD88 pathway, which is essential for cytokine induction by CpG-ODN. 7 TLR9 inhibitors chloroquine and quinacrine (data not shown) and the loss of TLR9 or MyD88 severely impaired IL-6 production in BMDMs in response to CpG-ODN, regardless of the presence or absence of rHMGB1 ( Figure 2D upper  panel) . Conversely, the lack of functional TLR4 or the deletion of TLR2 did not significantly affect the ability of HMGB1 to augment cytokine secretion in response to CpG-ODNs ( Figure  2D lower panel) . Together, our findings demonstrate that HMGB1 specifically enhances CpG-DNA-triggered cytokine responses that are TLR9 dependent.
Unexpectedly, the amount of endocytosed CpG-ODN was moderately decreased when CpG-ODN was added together with rHMGB1 ( Figure 2E ). This suggests that the augmentation by HMGB1 of cytokine responses to CpG-ODN is not due to increased CpG-DNA uptake by cells. We hypothesized that HMGB1 enhances the association of CpG-ODN with TLR9 intracellularly. Thus, we examined the kinetics of CpG-ODN association with TLR9. CpG-ODN was used to treat WEHI 231, a murine B-lymphoma cell line that responds to CpG-DNA by producing cytokines. 34 TLR9 was immunoprecipitated and its association to CpG-ODN was determined by a specific polymerase chain reaction (PCR) analysis ( Figure S1 , available on the Blood website; see the Supplemental Figures link at the top of the online article). Following CpG-ODN addition to the medium, we detected a transient association between TLR9 and CpG-ODNs, which peaked at 60 minutes after treatment ( Figure  2F ). In the presence of HMGB1, the maximum association of CpG-ODN with TLR9 occurred within 15 to 30 minutes ( Figure  2G ). These results suggest that extracellular HMGB1 accelerates the formation of the CpG-DNA/TLR9 complex. Cell-free supernatants (50 mL) were slowly loaded (10 mL/hour) onto a single-stranded DNA-cellulose column pre-equilibrated with buffer A (20 mM Tris-Cl, pH 8.8, 50 mM NaCl, 1 mM EDTA, 1 mM DTT, 5% glycerol). After absorption, the column was washed sequentially with 150 mL buffer A and rinsed with 150 mL 0.1 M NaCl in buffer A. Proteins were recovered from the column by sequential elution with 0.5 and 2 M NaCl in buffer A. Fractions (1 mL) were dialyzed overnight against buffer B (5 mM KH2PO4/NaOH, pH 7.9, 10% glycerol). Of each fraction, 30 L was loaded on a 10% SDS-PAGE and subsequently silver stained. Fractions 2, 3, and 4 that had peak protein content were pooled, diluted with buffer A at 0.16 M NaCl, and incubated with 0.1 mg biotinyl-1018 ODN for 30 minutes followed by incubation overnight at 4°C with 0.5 mL streptavidin-agarose beads. The beads were washed with buffer A containing 0.16 M NaCl, boiled, and loaded on a 10% SDS-PAGE, and proteins were detected by silver staining. All visible bands were excised and subjected to mass spectrometry. Several representative HMGB1 peptides are listed. (B) HMGB1 binds CpG-ODNs (1018, 1668, and D-19) preferentially over controls (1019, n-1668, and c-405). Mouse rHMGB1 (25 ng) or histone H2A (25 ng) was incubated in the absence (control) or presence of CpG-ODN-biotin (5 g) for 60 minutes. ODNs were immunoprecipitated with streptavidin-agarose beads, washed, and subjected to immunoblot analysis (IB) with anti-HMGB1 antibody. The levels of unbound HMGB1 or H2A were estimated by collecting 5% of the supernatant from each precipitation reaction. The gray value of the pixel intensity (range, 1 to 250) of the respective protein bands is listed. Results represent 1 of 6 or 3 reproducible independent experiments for HMGB1 and H2A binding, respectively. (C) CD spectra of oligos 1018 and 1019 in the presence of increasing amounts of HMGB1. All spectra have been acquired at 20°C, 20 mM phosphate buffer, pH 7.0, 10 mM NaCl, with an initial DNA concentration of 10 M. Traces from red to violet correspond to the spectra acquired by adding 0, 1, 2, 2.8, 4.5, or 10 M protein to the oligo solutions. The spectra were corrected by subtracting the buffer and the protein, and compensating for dilution. The panel "HMGB1 alone" shows the spectra recorded for 0, 1, 2, 2.8, 4.5, or 10 M protein (in the same buffer and in the absence of DNA), to show that corrections applied to the recorded spectra are neutral in the wavelength range considered here.
HMGB1 and TLR9 form a complex within specialized vesicles
Since HMGB1 engages CpG-ODNs, and CpG-ODNs engage TLR9, we examined the possible interaction of HMGB1 with TLR9. WEHI-231 cells were treated with CpG-ODN and the association of TLR9 with HMGB1 was assessed by immunoprecipitation. Surprisingly, we found that HMGB1 preassociated with TLR9 prior to CpG-ODN treatment ( Figure 3A left panel) . We examined the specificity of this interaction in splenocytes, which express the highest levels of TLR9 among cells and tissues. 7 As shown in Figure 3A (right panel), HMGB1 was detected in TLR9 complexes immunoprecipitated from wt, but not TLR9-deficient, splenocytes.
The observed HMGB1/TLR9 association in quiescent cells was puzzling because HMGB1 is predominantly a nuclear protein, whereas TLR9 has been reported to reside in the ER and translocate to endosomes after CpG-ODN stimulation. 11, 35 In order to reconcile where the TLR9/HMGB1 complex resides in BMDMs, we used confocal microscopy. Although dispersed TLR9 staining was evident, high levels of TLR9 were detected in discrete vesicular structures prior to CpG-ODN treatment ( Figure 3B ,C and Figure  S2C ,D). As previously described, 11 in wt BMDMs, within 5 minutes of stimulation, Cy5-labeled CpG-ODN distinctively colocalized with TLR9 in vesicular structures, most likely early endosomes, followed by translocation into the tubular lysosomal BMDCs (3 ϫ 10 6 cells/mL) and BMDMs (2 ϫ 10 6 cells/mL) were treated with CpG-ODN (10 g/mL) for the indicated time periods. The medium bathing the cells (40 L) was subjected to SDS-PAGE and immunoblotted (IB) with anti-HMGB1 or anti-LDH antibody. As a positive control, 2 g macrophage whole cell lysates were used. Cell viability was determined by trypan blue exclusion. (B-D) Extracellular HMGB1 enhances induction of cytokines by CpG-DNA in a TLR9-dependent manner. Cells were seeded at 1 to 2.5 ϫ 10 5 /well in a 96-well plate (in triplicate) and then treated with CpG-ODN, PGN, or LPS, or left untreated. The LPS inhibitor polymyxin B (10 g/mL) was used in all treatments except LPS. (B) BMDMs were treated with CpG-ODN (10 g/mL), LPS (0.2 or 1 g/mL), or PGN (2.5 g/mL) in the presence or absence of rHMGB1 (50 ng/mL), or left untreated for 24 hours. IL-6 secretion was assessed by ELISA (averages of triplicates Ϯ SD). Experiments were replicated 3 times. (C) BMDCs were treated with CpG-ODN (10 nM to 1000 nM) in the presence or absence of rHMGB1 (1 g/mL) or left untreated for 24 hours. Levels of IL-6, IL-12, and TNF␣ secretion were assessed by ELISA (averages of triplicates Ϯ SD). Experiments were replicated 3 times. (D, upper panel) BMDMs from wild-type (wt), Tlr9 Ϫ/Ϫ , or Myd88 Ϫ/Ϫ mice were treated for 24 hours with LPS (0.2 g/mL), CpG-ODN (10 g/mL) plus or minus rHMGB1 (50 ng/mL), or rHMGB1 alone (50 ng/mL); IL-6 secretion was assessed by ELISA. Bars represent the average of 6 independent experiments done in triplicate plus or minus SD (**P Ͻ .001, Student t test). (D, lower panels) BMDCs from wt, Tlr4m, or Tlr2 Ϫ/Ϫ mice were treated with LPS (0.1 g/mL), PGN (10 g/mL), or CpG-ODN (10 g/mL) plus or minus rHMGB1 (50 ng/mL). IL-6 secretion was assessed by ELISA. (E) rHMGB1 does not effect CpG-ODN uptake by BMDCs. Cells were treated with CpG-ODN-Cy5 in the presence or absence of rHMGB1 (250 ng/mL) for 1 hour as indicated. Cells were trypsinized and Cy5-positive cells were determined by fluorescence-activated cell sorting (FACS) analysis. (F) TLR9 was immunoprecipitated from the lysates of WEHI-231 cells that were treated with CpG-ODN (10 g/mL). The presence of CpG-ODN in the TLR9 immunoprecipitate (IP) was detected by PCR. Levels of immunoprecipitated TLR9 for each reaction were assessed by immunoblotting (IB). (G) rHMGB1 speeds up the formation of the CpG-ODNs/TLR9 complex. WEHI-231 cells were treated with CpG-ODN (10 g/mL) alone or preincubated for 1 hour with rHMGB1 (50 ng). TLR9 was immunoprecipitated and the levels of CpG-ODN in the TLR9 complex were assessed by PCR.
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BLOOD, 15 SEPTEMBER 2007 ⅐ VOLUME 110, NUMBER 6 For personal use only. on November 13, 2017. by guest www.bloodjournal.org From compartment ( Figure 3C ). We observed that these CpG-ODNcontaining endosomes acquired both TLR9 and HMGB1 simultaneously ( Figure 3C ). Approximately 29% of optical sections across cells contained TLR9/HMGB1 vesicles, and this percentage remained relatively unchanged following CpG-ODN exposure (Figure 3D) . However, this number represents an underestimation as it accounts for only a single plane of vision.
Taken together, immunoprecipitation and immunofluorescence experiments indicate that HMGB1 specifically associates with TLR9, before and during the association of CpG-ODN to TLR9. 
HMGB1/TLR9-containing vesicles contain calnexin, GM130, and ERGIC-53 but lack lysosomal resident proteins
The TLR9 inhibitors chloroquine and quinacrine are weak bases and preferentially partition to acidic vesicles, 36, 37 suggesting that TLR9 activation requires an acidic environment. Thus, we sought to determine when TLR9 first encounters such an acidic environment. The acidotropic fluorescent probe LysoTracker (Molecular Probes, Eugene, OR) was allowed to accumulate in BMDMs prior to CpG-ODN stimulation. Unexpectedly, the vesicles containing TLR9 and HMGB1 appeared to be acidic prior to CpG-ODN stimulation ( Figure 4A ), suggesting that they might represent a population of secretory lysosomes, 38 or could belong to acidic intracellular compartments such as the trans-Golgi network and the ER-Golgi intermediate compartment (ERGIC). 39 However, the lysosome-associated membrane protein 1 (LAMP-1), a hallmark of both regular and secretory lysosomes, 38, 40 did not colocalize with HMGB1 prior to or during early stages of CpG-ODN endocytosis, but only 15 minutes after stimulation ( Figure 4B ). This is consistent with a previous report that CpG-ODNs at late stages accumulate in the tubular lysosomal compartment. 11 These observations suggest that the vesicles containing HMGB1 and TLR9 are not lysosomes.
Next, we tested the possibility that TLR9-and HMGB1-contaning vesicles belong to the Golgi network. Both a cis-Golgi resident transmembrane protein GM130 and an ER marker calnexin colocalized with TLR9 and HMGB1 in quiescent macrophages ( Figure 4C,D) . Five minutes after stimulation, a survey of 129 cells showed that approximately 10% of the endocytosed CpG-ODN localized in vesicles that lacked TLR9/HMGB1, suggesting that the TLR9/HMGB1 vesicles do not participate in CpG-DNA endocytosis. About 87% of TLR9/HMGB1/GM130-containing vesicles colocalized with CpG-ODNs ( Figure 4F ). However, only about 40% of the TLR9/HMGB1/calnexin-containing vesicles colocalized with CpG-ODNs ( Figure 4D,F) . These results suggest that acquisition of CpG-ODNs by the TLR9/HMGB1-containing vesicles leads to remodeling of the organelle's membrane, as GM130 is retained but calnexin is rapidly lost.
More specifically, we investigated whether HMGB1/TLR9 are located in the ERGIC. The transmembrane chaperone ERGIC-53, which accumulates within the ERGIC and serves as its marker, 41 colocalized with TLR9 and HMGB1 in assorted or clusters of vesicles within quiescent BMDMs ( Figure 4G ). These vesicles were observed in the perinuclear region and in the cell periphery, consistent with the dynamic nature of the ERGIC. 42 Following CpG-ODN endocytosis, TLR9/HMGB1 vesicles devoid of DNA exhibited a more robust staining for ERGIC-53 compared with those vesicles containing DNA ( Figure 4H ).
Taken together, these results indicate that HMGB1-and TLR9-containing vesicles are acidic and colocalize with markers of the ER, the ERGIC, and Golgi in quiescent cells, and suggest that they may belong to the ERGIC.
HMGB1 in the TLR9-and ERGIC-containing vesicles originates from the nucleus and can be reacquired from the extracellular milieu
Although HMGB1 is mainly nuclear, both active and passive transport ferry it into the cytoplasm. 43 Two nuclear export sequences on HMGB1 govern its nuclear export via the chromosome region maintenance 1 protein (CRM1), also known as exportin-1. 43 Leptomycin B (LMB) can bind directly to CRM1, thus blocking interaction with its targets. 44, 45 To determine whether HMGB1 that colocalizes with TLR9 and ERGIC-53 originates from the nucleus, we treated BMDMs with LMB for 45 minutes. As shown in Figure  5A ,B, in the presence of LMB HMGB1 was not predominantly associated with vesicles that contained TLR9. As a result, the HMGB1/TLR9 complex failed to assemble as verified by an immunoprecipitation assay ( Figure 5C ). Interestingly, the TLR9-contaning vesicles depleted of HMGB1 by LMB regained HMGB1 when rHMGB1 was added in the medium (compare Figure 5D with 5A). Further, in HMGB1-deficient macrophages (described in one of the following sections), addition of rHMGB1 to the medium dramatically increased colocalization of HMGB1 with TLR9 ( Figure 5E) .
Similarly, the original source of HMGB1 that colocalized with ERGIC-53 was found to be the nucleus, as 60 minutes of treatment with LMB led to an almost complete depletion of HMGB1 in the cytoplasm in the presence or absence of CpG-ODN, and no colocalization of HMGB1 with ERGIC-53 was observed ( Figure  5F ). Addition of exogenous HMGB1 reconstituted its colocalization with ERGIC-53 ( Figure 5F ). Therefore, HMGB1 can enter the TLR9 vesicles by 2 routes: from the nuclear pool and from the extracellular milieu.
HMGB1 is involved in the translocation of TLR9 to early endosomes in response to CpG-ODN
The redistribution of TLR9 from the ER to early endosomes is essential for TLR9 activation by CpG-DNA. 11 As our experimental results demonstrate that HMGB1 preassociates with TLR9 in quiescent cells, we postulated that HMGB1 is involved in the TLR9 translocation process. Thus, we investigated the relationship between HMGB1, TLR9, and the early endosome marker EEA1 11 in both wt and HMGB1-deficient macrophages (characterized in Figure 7A ) by surveying 200 cells in each condition (Figure 6 ). Consistent with previous results, 11 most TLR9 and EEA1 did not colocalize in quiescent wt and HMGB1-deficient cells (untreated, Figure 6A,B) . Surprisingly, CpG-ODN uptake and colocalization of CpG-ODN with EEA1 in both wt and HMGB1-deficient cells were comparable (CpG vs CpG/EEA1, Figure 6A ,B), suggesting that the lack of HMGB1 has no effect on CpG-DNA endocytosis. Importantly, in wt macrophages most TLR9 was redistributed and colocalized with EEA1 after 5 to 15 minutes of CpG-ODN treatment, and then deassociated from early endosomes after 30 minutes. There was little colocalization of TLR9 with EEA1 in HMGB1-deficient cells 5 to 15 minutes following CpG-ODN stimulation ( Figure 6A,B) , but there was increased colocalization of TLR9 with EEA1 at 30 minutes. Thus, the kinetics of TLR9 colocalization with EEA1 in HMGB1-deficient cells is delayed. This is further supported by our pharmacological results ( Figure S3 ), as the depletion of cytoplasmic HMGB1 in wt BMDMs by LMB largely impaired the association of HMGB1 with TLR9, retained TLR9 in ER-like structures for up to 15 minutes following CpG-ODN stimulation, and postponed the colocalization of TLR9 with EEA1. Taken together, our results suggest that HMGB1 does not affect the uptake of CpG-ODN or its entry into early endosomes, but accelerates TLR9 redistribution to early endosomes in response to CpG-ODN.
HMGB1-deficient cells show defective cytokine responses to CpG-ODN
Because HMGB1-null mice die postnatally, 24 we were unable to use them to assess cellular responses to CpG-ODN in vivo. Thus, we sought to create chimeras by transplanting fetal liver cells (FLCs) isolated from mouse embryos into mice irradiated lethally with 137 Cs. Unexpectedly, HMGB1-deficient FLCs failed to rescue the irradiated mice, due to a yet unidentified reason (Chu et al, unpublished data). Then we decided to derive DCs and macrophages from primary FLCs (PFLCs) or FLCs immortalized by transfection with HoxB4 (IFLCs). Both IFLCs and PFLCs were able to differentiate into DCs (IFLDCs and PFLDCs, respectively), as determined by cell surface expression of CD11b and CD11c, or macrophages (IFLDMs and PFLDMs, respectively), as determined by CD11b and F4/80 ( Figure 7A ).
Both wt and HMGB1-deficient IFLDCs expressed equal amounts of TLR9 ( Figure 7B ). Importantly, both wt and HMGB1-deficient IFLDCs demonstrated a comparable ability to uptake CpG-ODN in a dose-independent manner ( Figure 7C ). This is consistent with observations described previously ( Figure 6A,B) .
Next, we determined the cytokine response to CpG-DNA in HMGB1-deficient cells. Wt IFLDMs showed a robust IL-6 induction in response to CpG-ODN with a saturation threshold at 100 nM CpG-ODN. Conversely, HMGB1-deficient IFLDMs produced only minimal amounts of IL-6 even at 1 M CpG-ODN ( Figure 7D ). Wt and HMGB1-deficient IFLDMs responded comparably with LPS and PGN.
HMGB1-deficient IFLDCs exhibited a reduced IL-6, TNF␣, and IL-12 response to CpG-ODN ( Figure 7E ). The reduction of cytokines in Hmgb1 Ϫ/Ϫ IFLDCs was most visible at lower , and poly(I:C) (10 g/mL) in the presence or absence of DOTAP (10 g/mL) for 24 hours. Type 1 IFN bioactivity in supernatant samples was detected by a biologic assay against vesicular stomatitis virus. 45 (I) Whole-cell lysates were prepared at 16 hours after treatment with CpG-ODN (1018, 10 g/mL) or LPS (1 g/mL) and the levels of iNOS, HMGB1, and actin were determined by IB. (n.s. ϭ nonspecific band.) (J) Exogenous rHMGB1 restored cytokine production by Hmgb1 Ϫ/Ϫ IFLDCs in response to CpG-ODN. rHMGB1 (rH1, 0.2 g/mL) was incubated in the presence or absence of CpG-ODN (1018) for 15 minutes. Wt and Hmgb1 Ϫ/Ϫ IFLDCs were treated with CpG-ODN (1018, 1 or 10 g/mL) Ϯ rHMGB1, LPS (0.1 g/mL), or rH1 alone, or left untreated for 24 hours, and the levels of secreted IL-6 were determined by ELISA (bars represent the average of triplicates Ϯ SD).
concentrations of CpG-ODN. Interestingly, the IL-12 response to CpG-ODN at 1 M in HMGB1-deficient IFLDCs was close to, but still less than, that of wt controls. Both wt and HMGB1-deficient IFLDCs responded to LPS and PGN equally ( Figure 7E ). The defective response to CpG-ODN was reproducible in 3 independently derived pools of HMGB1-deficient IFLCs (data not shown). Unlike class B CpG-ODN 1018 (CpG-B), in response to class A CpG-ODN (CpG-A) wt, but not Hmgb1 Ϫ/Ϫ , IFLDCs secreted IL-12 ( Figure 7F top panel) . Lower levels of IL-12 were produced by Hmgb1 Ϫ/Ϫ compared with wt IFLDCs when stimulated with CpG-A in the presence of the cationic lipid 1,2-dioleoyloxy-3-trimethylammonium-propane (DOTAP) (Figure 7F top panel) . A similar phenomenon occurred for IL-6 when cells were treated with CpG-A and DOTAP, whereas CpG-A alone failed to induce IL-6 ( Figure 7F bottom panel). Cellular activation triggered by CpG-ODNs in the presence of DOTAP was sensitive to quinacrine and therefore dependent on TLR9 (data not shown).
Consistently, the defects in HMGB1-deficient IFLDCs were also observed in HMGB1-deficient PFLDCs. HMGB1 deficiency led to a severe defect in the IL-6 and IL-12 response to CpG-ODN even at 1 M ( Figure 7G ). In addition, regardless of the presence or absence of DOTAP, CpG-A failed to induce a detectable level of IL-6 and IL-12 production in HMGB1-deficient PFLDCs ( Figure  7G ). These experimental results suggest a critical role for HMGB1 in the cytokine response to CpG-DNA.
To further investigate a role of HMGB1 in the activation of innate immunity by CpG-DNA, we tested the ability of wt and Hmgb1 Ϫ/Ϫ IFLDCs to secrete IFN␣/␤ in response to CpG-A and CpG-B. 47 Wt IFLDCs produced low but significant levels of IFN␣/␤ when treated with CpG-B irrespective of DOTAP presence, whereas CpG-A was stimulatory only in the presence of DOTAP ( Figure 7H ). Wt IFLDCs produced 2-to 3-fold higher levels of type I IFNs compared with Hmgb1 Ϫ/Ϫ cells in response to CpG-DNAs. As a control, poly(I:C) triggered a potent release of IFN␣/␤ by both wt and HMGB1-deficient cells.
In addition, we assessed the expression of inducible nitric oxide synthase (iNOS), 48 which can be induced by CpG-DNA and other TLR agonists. [49] [50] [51] CpG-ODN completely failed to induce iNOS expression in HMGB1-deficient IFLDCs ( Figure 7I ), in contrast to wt IFLDCs. However, both wt and HMGB1-deficient IFLDCs exhibited a similar iNOS response to LPS ( Figure 7I) .
Finally, we determined whether exogenously supplied HMGB1 could compensate for the lack of endogenous HMGB1 in the cytokine response to CpG-DNA. When HMGB1-deficient IFLDCs were provided with exogenous HMGB1, the IL-6, IL-12, and TNF␣ response to CpG-ODN was restored ( Figure 7J and data not shown).
Taken together, these experiments indicate that HMGB1 is required for optimal cytokine and iNOS responses to CpG-DNA.
Discussion
TLR9 activation by microbial CpG-DNA and CpG-ODNs in innate immune cells induces the secretion of cytokines, leading to elimination of microbial pathogens and activation of the adaptive immunity. 1,2 It has been suggested that CpG-DNAs are endocytosed into endosomal compartments where they engage the intracellular TLR9, resulting in MyD88 recruitment and the subsequent immune response. [7] [8] [9] [10] However, the precise physiological process leading to TLR9 activation by CpG-DNA remains unclear. In this study, we describe a novel role for HMGB1 as an important regulator in this process.
Our findings demonstrate that HMGB1, which binds CpGODNs, interacts with TLR9 within vesicles, probably belonging to the ERGIC, of quiescent macrophages. This interaction precedes CpG-ODN uptake, and both intracellular HMGB1 from the nucleus and extracellular HMGB1 from the medium can be recruited to interact with TLR9. Immune cells lacking HMGB1 show a delayed redistribution of TLR9 into the early endosomes and an impaired cytokine response to CpG-ODN. The latter defect was restored when exogenous HMGB1 was supplied. Thus, our experimental data suggest that HMGB1 plays an important role in regulating the process of TLR9 activation by CpG-DNA. Recently, a similar conclusion was reached independently by Coyle's group (Tian et al 52 ) .
Most cytokine responses to CpG-DNA are undetectable in TLR9-null cells 7 ; however, HMGB1-deficient cells exhibited partial responses. Most notably, the IL-12 response to high doses of CpG-ODN in HMGB1-deficient IFLDCs was lower than, but close to, that of wt cells. Interestingly, when examined in primary fetal liver progenitor cell-derived DCs (PFLDCs), the IL-12 response to CpG-ODNs even at 1 M remains largely impaired in HMGB1-deficient PFLDCs, underscoring a critical role for HMGB1 in the cytokine response to CpG-DNA. Nevertheless, the partial penetrance of the Hmgb1 mutation suggests a role of HMGB1 as a cofactor that modulates TLR9 activation. This cofactor is not as essential as TLR9 in the activation of the CpG-DNA pathway, but lowers the effective concentration of CpG-DNA necessary for triggering cellular responses by engaging CpG-DNA, interacting with TLR9, and facilitating the recognition of CpG-DNA.
TLR9 resides in the ER and its activation requires CpG-ODN endocytosis and the subsequent early endosomal acidification. 35 Our findings demonstrate that TLR9/HMGB1 vesicles not only reside in the ER, but also colocalize with markers of the ERGIC and the Golgi in quiescent cells. We observed that the lumen of TLR9/HMGB1 vesicles is acidic prior to CpG-DNA accumulation. This is consistent with the ERGIC environment where a vacuolar H ϩ -ATPase pump is active. 53, 54 MD2, a coreceptor for TLR4, plays an important role in LPS recognition and contributes to the cell surface localization of TRL4. 55, 56 The loss of MD2 results in TLR4 accumulation in the Golgi compartment. 56 Similarly, in HMGB1-deficient macrophages or cytoplasmic HMGB1-depleted BMDMs, TLR9 is retained in the ER or the ERGIC following CpG-ODN treatment, whereas HMGB1 deficiency has no apparent effect on CpG-ODN uptake or its entry into early endosomes. Our results show that preassociation of HMGB1 with CpG-ODN leads to earlier detection of CpG-ODNs in the TLR9 immune complex (Figure 2) . Thus, our data further suggest that HMGB1 contributes to the redistribution of TLR9 to early endosomes.
HMGB1 is considered a nonspecific single/double-stranded DNA-binding protein, 13 whereas our data show that HMGB1 has some preference for binding CpG-ODNs over GpC/GpG-ODNs. It is known that a simple inversion of the "CpG" in CpG-ODN to the "GpC" or a subtle substitution of the "CpG" with the "GpG," which largely impairs CpG-ODNЈs biologic activity, also affects the ability to form hairpins or oligo-dimer structures. 31, 57, 58 However, it is unclear whether HMGB1 has some preferences to bind such structures. To resolve this, more detailed structure-activity studies are needed in the future.
HMGB1 is secreted from immune cells upon challenge with a variety of stimuli. Whether CpG-DNA induces secretion of HMBG1 from immune cells is controversial. 32, 33 Our data demonstrate that CpG-ODN triggers the release of HMGB1 from immune cells in a matter of minutes. Quick release of HMGB1 may accelerate the recognition of CpG-DNA and sensitize other immune cells to CpG-DNA, by both autocrine and paracrine signaling. Moreover, other stimuli that lead to HMGB1 secretion could also potentially sensitize cells to CpG-ODNs.
How does secreted HMGB1 enhance cytokine production in response to CpG-ODN? One possibility is that HMGB1 increases CpG-ODN uptake. Conversely, our experimental results indicate that the uptake of CpG-ODNs by cells was somewhat decreased in the presence of HMGB1, and was not apparently affected by the depletion or deletion of HMGB1. Another possibility is that HMGB1 uses its potential receptors such as TLR2 and TLR4 19, 59, 60 to synergize or cross-talk with TLR9. However, the HMGB1-enhanced cytokine response we have shown here is CpG-DNA specific, as HMGB1 alone had minimal effects, and TLR2-deficient and TLR4 mutant cells responded comparably with wt cell when stimulated with CpG-ODN and HMGB1 in producing IL-6. Moreover, coincubation of HMGB1 with LPS or PGN failed to enhance cytokine secretion. Thus, we suggest that HMGB1 accelerates and increases the recognition of CpG-ODN by TLR9. We showed that loss of HMGB1 delayed the early endosomal translocation of TLR9 ( Figure 6 ) and preassociation of HMGB1 with CpG-ODNs led to the earlier detection of CpG-ODNs in the TLR9 immune complex ( Figure 2G ).
CpG-ODN and HMGB1 can give rise to a reciprocal feedback cycle: innate immune cells secrete HMGB1 in response to CpG-DNA, and HMGB1 sensitizes innate immune cells to CpG-DNA. Our data demonstrate that macrophages can prime this cycle in the absence of preexisting extracellular HMGB1. They assemble vesicular organelles where a small pool of HMGB1 that is released from the nucleus preassociates with TLR9. Following stimulation, CpG-DNA-rich endosomes acquire HMGB1 and TLR9 from these vesicles, leading to TLR9 activation. The defect in the CpG-DNA response due to the lack of HMGB1 is relieved by addition of appropriate forms of exogenous HMGB1.
In conclusion, our identification of HMGB1 as an important modulator of TLR9 activation by CpG-DNA provides a link between endogenous nuclear proteins and the principal innate immune sensors of mammals.
